We present findings based on a study of Y-chromosome diallelic and microsatellite variation in 181 Icelanders, 233 Scandinavians, and 283 Gaels from Ireland and Scotland. All but one of the Icelandic Y chromosomes belong to haplogroup 1 (41.4%), haplogroup 2 (34.2%), or haplogroup 3 (23.8%). We present phylogenetic networks of Icelandic Y-chromosome variation, using haplotypes constructed from seven diallelic markers and eight microsatellite markers, and we propose two new clades. We also report, for the first time, the phylogenetic context of the microsatellite marker DYS385 in Europe. A comparison of haplotypes based on six diallelic loci and five microsatellite loci indicates that some Icelandic haplogroup-1 chromosomes are likely to have a Gaelic origin, whereas for most Icelandic haplogroup-2 and -3 chromosomes, a Scandinavian origin is probable. The data suggest that 20%-25% of Icelandic founding males had Gaelic ancestry, with the remainder having Norse ancestry. The closer relationship with the Scandinavian Y-chromosome pool is supported by the results of analyses of genetic distances and lineage sharing. These findings contrast with results based on mtDNA data, which indicate closer matrilineal links with populations of the British Isles. This supports the model, put forward by some historians, that the majority of females in the Icelandic founding population had Gaelic ancestry, whereas the majority of males had Scandinavian ancestry.
Introduction
Iceland was one of the last European landmasses to be colonized by humans. Historical sources (The Book of Settlements [1972] ) record that the settlement of Iceland was orchestrated by Norse Vikings in 870-930 A.D., but they also indicate that individuals from the British Isles were among the founders. For more than half a century before Iceland was discovered and colonized, the Norse people had maintained settlements and wielded political power in the Shetlands, Orkneys, Hebrides, Isle of Man, and coastal regions of Ireland, Scotland, and northern England (Jones 1984; Davies 1999) . Most historical and archaeological evidence suggests that, after initial periods of conflict, the Norse invaders, most of whom were men, settled and intermarried with existing populations (Sawyer 1997; Davies 1999) . Later, when the colonization of Iceland commenced, many of these family groups subsequently left coastal settlements on the British Isles for a new life in the uncharted territory of Ice-land. This would have resulted in a disproportionate number of females from the British Isles in the Icelandic founder population. Of the 48 women whose origin is referred to in the Icelandic Book of Settlements (1972) , 16.7% have genealogical ties to the British Isles (Steffensen 1975) . This contrasts with the finding that, of the 220 men for whom genealogical information is recorded in the same source, only 4.8% have British ancestry. It is known that the founders mentioned in The Book of Settlements (1972) represent only a small proportion of the total colonizing population, because it is thought that 8,000-20,000 individuals settled in Iceland in 870-930 A.D. (Steffensen 1975) . A number of historians have argued that a disproportionate number of the individuals not mentioned in The Book of Settlements (1972) originated from the British Isles (Steffensen 1975; Sigurðsson 1988) . Thus, for example, numerous slaves were captured by the Vikings in their raids on the coastlines of the British Isles, and many of the slaves were taken to Iceland. The majority of these slaves seem likely to have been female (Clover 1988; Karras 1988; Sayers 1994) . In general, the expectation that males and females in the Icelandic settlement population may have had different levels of Scandinavian and British Isles ancestry underlines the importance of using sex-specific genetic markers to investigate the origin of Icelanders.
In a number of previous studies, investigators have attempted to assess the question of the relative proportions of Scandinavian and Gaelic individuals in the initial colonizing population, using a variety of historical, archaeological, linguistic, anthropometric, and genetic data. In initial studies of classical genetic markers (Bjarnason et al. 1973; Thompson 1973 ), a very substantial Gaelic component (150%-98%) was found in the Icelandic settlement population. However, later studies, in which additional classical genetic markers were used, provided estimates ranging from 14% (Wijsman 1984) to 50% (Williams 1993) . A recent study of mtDNA variation in Icelanders (Helgason et al. 2000) did not find a closer relationship to Scandinavian mitochondrial lineages, compared with those from the British Isles (the results of multidimensional scaling of analysis of molecular variance distances, based on sequences from hypervariable segment 1, indicated a closer affinity to the populations from the British Isles).
In the present study, we evaluated the diversity of Ychromosome haplotypes in samples from Iceland, Norway, Sweden, Denmark, Ireland, and Scotland, using a combination of slowly evolving diallelic loci and rapidly evolving microsatellite loci. This allowed for an assessment of the relative diversity and phylogenetic context of the Icelandic Y-chromosome pool as well as an estimation of the proportions of Gaelic and Scandinavian male ancestry in the Icelandic gene pool.
Material and Methods

Population Samples, Loci, and Conditions
DNA samples were extracted from the blood of 181 unrelated Icelandic males who gave appropriate informed consent. Seven diallelic loci-92R7, M9, SRY-1532, YAP, TAT, LLY22g, and SRY-2627-were typed. 92R7 was amplified using the primers 5 -TGCATGAAC-ACAAAAGACGTA-3 and 5 -GCATTGTTAAATATG-ACCAGC-3 and was digested with HindIII . The primers and conditions used to obtain an amplicon flanking M9 were obtained from Underhill et al. (1997) , and the site was typed by digestion with HinfI. SRY-1532 was typed using the primers 5 -TC-CTTAGCAACCATTAATCTGG-3 and 5 -AAATAGC-AAAAAATGACACAAGGC-3 and was digested with DraIII . The presence or absence of the YAP Alu insertion was assayed using primers and conditions described elsewhere (Hammer and Horai 1995) . The TAT marker was assayed using PCR with primers R5D and R5I and digestion with the restriction enzyme NlaIII (Zerjal et al. 1997) . LLY22g was typed using primers and conditions kindly supplied by C. Tyler-Smith (personal communication). SRY-2627 was typed using primers 5 -CGCGGCTTTGAATTTCAA-GCTCTG-3 and 5 -CCAGGGCCCCGAGGGACTCTT-3 and was digested with BanI .
Nine Y-chromosome microsatellite loci were typed using fluorescently labeled primers, including six tetranucleotide repeat markers (DYS19, DYS389I, DYS389II, DYS390, DYS391, and DYS393), two trinucleotide repeat loci (DYS388 and DYS392), and one tetranucleotide repeat marker (DYS385, which provides two Y chromosome-specific alleles). The primers used were those described by . PCRs were set up, run, and pooled on Applied Biosystems 877 integrated catalyst thermocyclers (PE Biosystems). Multiplex 5-ml reactions, each of which used 10 ng template genomic DNA, 0.25 U Amplitaq Gold (PE Biosystems), 2 pmol each primer, 0.2 mM deoxynucleotides, and 2.5 mM MgCl 2 , were set up; the buffer was supplied by PE Biosystems. The following PCR conditions were used: activation of Amplitaq Gold at 95ЊC for 10 min, 12 cycles of denaturation at 95ЊC for 15 s, annealing at 55ЊC for 30 s, and elongation at 72ЊC for 1 min, followed by 28 cycles at 89ЊC for 15 s, annealing at 55ЊC for 30 s, and elongation at 72ЊC for 1 min. After supplementation with internal size standards, the products were electrophoresed on an Applied Biosystems model 377 sequencer and were detected using TrueAllele (Cybergenetics). The genotypes were defined and edited with the use of Decode-GT 1.0 software (Pá lsson et al. 1999) .
DNA from 61 Scottish males was extracted from blood samples collected at Blood Transfusion Service donor sessions throughout Scotland. Similarly, DNA from 110 Norwegian males was extracted from blood samples collected at donor sessions at the Ullevå l and Red Cross hospitals in Oslo. In both instances, individuals gave informed consent, and information about paternal ancestry indicated that the samples were geographically representative for all geographic areas of Scotland and Norway, respectively. Six diallelic loci (92R7, M9, SRY-1532, YAP, TAT, and SRY-2627) were typed, together with five microsatellite loci (DYS19 and DYS390-DYS393). The primers and conditions used for the microsatellite loci and the diallelic loci M9, SRY-1532, YAP, and SRY-2627 are described elsewhere (Hurles et al. 1998) , and those used for 92R7, TAT, and LLY22g were the same as those described for Icelandic samples.
In addition, 222 Irish Y-chromosome haplotypes (221 chromosomes described by Hill et al. [2000] and 1 chromosome described by Hurles et al. [1999] ) were included for comparative analysis, as were 12 Danish Y-chromosome haplotypes and 109 Swedish Y-chromosome haplotypes (T. Zerjal, L. Beckman, and C. Tyler-Smith, personal communication) . Each of these samples was typed for six diallelic loci (92R7, M9, SRY-1532, YAP, TAT, and SRY-2627) and five microsatellite loci (DYS19 and DYS390-DYS393). In much of the following anal-ysis, Norwegians, Swedes, and Danes are collectively referred to as Scandinavians, whereas Irish and Scottish populations are referred to as Gaels. Data are presented in tables1 and2.
Summary Statistics
All the loci map to the nonrecombining part of the Y chromosome and can be used to construct combined haplotypes. Except where stated otherwise, the common set of loci used for all statistical comparisons of Icelandic, Scandinavian, and Gaelic Y-chromosome haplotypes included six diallelic loci (92R7, M9, SRY-1532, YAP, TAT, and SRY-2627) and five microsatellite loci (DYS19 and DYS390-DYS393). Gene diversity was estimated by:
, where n is the sample
size, k is the number of distinct haplotypes, and is the p i frequency of each haplotype. This index represents the probability that two randomly chosen haplotypes from a sample are different.
Because the distribution of Y-chromosome haplotypes defined by a combination of diallelic and microsatellite loci will approximate that of an infinite allele model, we used Ewens' sampling formula (Ewens 1972) to estimate the population mutation parameter as , where k is the
number of distinct haplotypes observed in a sample size of n and where denotes , for which v 2N m k me denotes the male effective population size and m N me denotes the rate at which new haplotypes are generated. Because m can be considered to be constant across populations, variation in should reflect difv k ferences in . N me The frequency spectrum of Y-chromosome haplotypes in populations with moderate is characterized by a v k large number of rare haplotypes. In such cases, sample sizes must be large to ensure adequate haplotype detection. Given that inadequate levels of sampling saturation can confound estimates of genetic diversity, genetic distance, and admixture (Pfeiffer et al. 1999; Helgason et al. 2000) , we also used Ewens' sampling formula (Ewens 1972) to estimate the adequacy of each sample. For a given , we arbitrarily consider an adequate sample to v k be one for which an increase of 10 individuals is expected to reveal less than one new haplotype (Helgason et al., in press ). Division of the actual sample size by this value provides an index of the sample saturation ratio.
The diversity of haplotypes within populations and haplogroups was estimated as the average squared mutational difference (ASD) between all pairs of haplotypes:
. Under the assumption of a
stepwise model of microsatellite mutation, is the numd ij ber of differences between haplotypes i and j in a population, k is the number of distinct haplotypes, and p i and are the frequencies of haplotypes i and j, respecp j tively. For ASD calculations involving haplotypes constructed from both diallelic and microsatellite loci, diallelic mutations were weighted 1,000-fold higher than microsatellite mutations. This disparity is intended to reflect the very different rates at which these two types of loci mutate.
ASD can provide a useful summary of the mutational divergence between all pairs of haplotypes within a population and between all pairs of haplotypes from two populations. However, in the context of our study, a strict interpretation of ASD is inappropriate-that is, the diversity and divergence of the Icelanders, Scandinavians, and Gaels, as measured by ASD, have not arisen exclusively through mutation events over a long period of time within these populations. Instead, their Y-chromosome pools have been shaped primarily by gene flow and genetic drift, interspersed with some mutation events (see Calafell et al. [2000] for similar arguments regarding autosomal microsatellite variation in human populations). This is self-evident in the case of the Icelanders, a population established by a recent large-scale migration, but it is also true for Scandinavians and Gaels, as demonstrated by the considerable degree of Y-chromosome haplotype sharing among these populations (see the Results section). The actual mutational divergence between these populations is most likely to have occurred at the rapidly evolving microsatellite loci. To more effectively summarize the portion of mutational diversity, both within and between populations, that is relevant to the population histories of the Icelanders, Scandinavians, and Gaels, we calculated ASD between all pairs of haplotypes within and between populations separately for each haplogroup. We then summarized these haplogroup-specific values for populations through the use of averages weighted by the total number of haplotypes in each haplogroup.
Two other measures of genetic distance between populations were estimated. The first measure, haplotype divergence, is based on the genetic chord distance, as proposed by Cavalli-Sforza and Edwards (1967) . The divergence for a single locus is given by f p 4 (1 Ϫ v , where and are the frequencies
of the ith haplotype in populations A and B and where k is the total number of haplotypes. This divergence measure assumes that population differentiation is primarily due to genetic drift. The second measure (r) is defined as the average number of mutations between the haplotypes of one population and the closest founder haplotypes observed (or, in some applications of the method, reconstructed) in another population (see Forster et al. 1996) . This genetic distance measures the minimum mutational divergence between the haplotypes of two gene pools. a The diallelic loci character state for haplogroup 1 is 1110000; for haplogroup 2, 0010000; for haplogroup 3, 1100000; and for haplogroup 16, 0111100. The order of the diallelic loci is 92R7, M9, SRY-1532, LLY22g, TAT, YAP, and SRY-2627.
Phylogenetic Reconstruction
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Median-joining networks were generated with values of 0, because this yields a network containing a limited number of plausible evolutionary pathways among haplotypes. Setting the increases the num-1 0 ber of reconstructed median vectors, which increases the probability that the true phylogenetic tree is contained within the network (Bandelt et al. 1999 ) but which also leads to a vast increase in the number of false trees displayed in the network. We report on specific features of the networks obtained when . 1 0
Admixture Estimates
Most admixture estimators are based on Bernstein's model (1931) , in which allele frequencies in the admixed population are considered to be linear combinations of allele frequencies from the source populations and the effects of drift and mutation are presumed to be negligible. In this model, allele frequencies in the admixed population are given by ϩ , where
m is the admixture proportion of the first source population and where , , and are allele frequencies
in the admixed population and the two source populations, respectively. We used the Admix1_0 software program (Bertorelle and Excoffier 1998) to obtain the standard least-squares estimate for this model. This estimate, is based on fitting a regression line through m R the points defined by and (Roberts and
Hiorns 1965). However, there are drawbacks to application of the standard model to Y-chromosome haplotype data. The multinomial sampling distribution, which is appropriate for a classical k-allele system, is an inadequate approximation for the sampling distribution of Y-chromosome haplotypes that exhibit a frequency spectrum of an infinite allele model with moderate . In addition to the v k large sampling variation associated with the infinite allele model, the effects of drift and mutation also result in the admixed sample containing a large number of "private" haplotypes. These cannot be incorporated into the standard model, because ; we used two p p p p 0 1 2 additional admixture estimators to overcome these deficiencies of the standard model.
To overcome the problems caused by the excessive variance of the infinite allele model, we devised a heuristic iterative approach to define the distribution of the admixture estimate that best fit the data. This estimator, designated as , is designed to incorporate information m r from the private Icelandic haplotypes and is obtained as follows. Given a prior probability of admixture, , the h probability that a randomly chosen haplotype observed in the Icelandic sample is derived from the first source population is given by , where conditional probability of origin. Like the least-squares admixture estimator, the m R strategy is based on haplotype frequencies, but it also m r incorporates the effect of mutation that may have occurred since the admixture event. To more explicitly model the potential effect of mutational divergence, we used the estimator proposed by Bertorelle and Exm Y coffier (1998) and calculated with use of their Admix1_0 software program. The difficulty associated with application of this estimator to the Icelandic situation is that, because and , the model will tend to be t ! 0.1 t ! 0.01 A biased toward a 50:50 estimate of admixture ( is the t divergence time between the parental populations, and is the time since the admixture event; both are meat A sured in units of 1/(2u) generations, where u is the mutation rate) (Bertorelle and Excoffier 1998) . Moreover, because it is based on a matrix of ASD distances between Y-chromosome haplotypes, will be biased by the unm Y derlying phylogeny of the heavily weighted diallelic loci (see the Summary Statistics section). As noted in the Results section, this estimator provided quite different results from the other two methods.
Results
Haplogroup Frequencies
The diallelic loci used in this study partition European Y chromosomes into eight clades, which are usually referred to as "haplogroups" (see fig. 1 ). A number of studies have demonstrated nonrandom geographic patterns of Y-chromosome haplogroup distribution in Europe (Zerjal et al. 1997; Hurles et al. 1999; Lucotte and Loirat 1999; Hill et al. 2000) . Figure 2 shows a map of
Figure 1
Haplogroups are represented by circles and are identified by numbers, on the basis of the nomenclature of Tyler-Smith (1999) and Jobling et al. (1997) . Lines denote mutation events, which are labeled with the associated diallelic marker.
haplogroup frequencies (as defined by the diallelic loci shown in fig. 1 ) for the Icelanders, Norwegians, Swedes, Scots, Irish, and a number of other European populations. The haplogroup frequencies are also listed in table 3. The most striking feature of these haplogroup distributions is the difference between the populations of the British Isles and those of Scandinavia. As reported elsewhere (Hill et al. 2000) , haplogroup 1 is predominant in Ireland, and this is also the case in Scotland and England. In contrast, Scandinavian populations have a considerably lower frequency of haplogroup 1 but higher frequencies of both haplogroups 2 and 3. These differences between Scandinavia and the British Isles indicate that Y-chromosome haplotypes should be informative for detecting the result of male admixture in the Icelandic population. Thus, the level of Gaelic admixture in the Icelanders is likely to be reflected by higher frequencies of haplogroup 1 and lower frequencies of haplogroups 2 and 3, compared with those observed in Scandinavia. This is more or less what we find in the Icelanders. The frequencies of haplogroups 1 and 2 (41.8% and 34.6%, respectively) in the Icelanders are intermediate between those of the same haplogroups in populations from Scandinavia and the British Isles. Haplogroup 3, however, is more frequent in Icelanders than in Scandinavians or Gaels. Figure 2 shows that frequencies of haplogroups 1 and 2 in Icelanders are intermediate between the values in Gaels and Scandinavians, and it suggests an admixed Icelandic population with Gaelic haplogroup-1 chromosomes and Scandinavian haplogroup-2 and -3 chromosomes. However, note that 14% of Gaelic Y chromosomes belong to haplogroup 2 and that 24% of Scandinavian chromosomes belong to haplogroup 1, indicating the possibility of a Gaelic contribution to Icelandic haplogroup-2 chromosomes and a Scandinavian contribution to Icelandic haplogroup-1 chromosomes. Moreover, the high frequency of haplogroup-3 chromosomes in the Icelanders raises the issue of whether their haplogroup frequencies could have been altered by the effects of genetic drift (see Guldberg et al. 1997; Helgason et al. 2000) .
Phylogenetic Networks and Haplotype Sharing
When the rapidly mutating microsatellite loci are combined with the more stable diallelic loci, the Y-chromosome haplogroups become partitioned into a great variety of haplotypes. This abundant genetic variation allows for a more precise identification of ancestral links between the Y chromosomes of the Icelanders and their putative source populations. At the same time, the deep phylogenetic resolution of the diallelic loci reduces the problem of recurrent mutations at microsatellite loci, yielding haplotypes that are identical by state but not by descent. Figures 3, 4 , and 5 show median-joining networks describing the phylogenetic relationships between Icelandic haplotypes reconstructed on the basis of all the microsatellite loci (except DYS385) within haplogroups 1, 2, and 3, respectively. Because the primers for DYS385 yield two alleles of similar size, they cannot be used for phylogenetic reconstruction in the same way that other single-allele loci are used. However, the allele sizes for the DYS385 microsatellite have been included post hoc and are shown below each haplotype in figures 3, 4, and 5. Because DYS385 alleles are highly variable, they can be used to independently assess the integrity of reconstructed haplotype clusters.
Not surprisingly, the broad pattern revealed by the haplogroup frequencies also appears to hold for the haplotypes constructed from both diallelic loci and microsatellite loci. However, the association between haplogroups and source populations is not uniform. For haplogroups 1 and 2, the majority of Icelandic haplotypes are found in both Scandinavians and Gaels. Figure  3 shows that haplogroup-1 chromosomes are more frequent in the Gaels, as would be expected from the haplogroup frequencies in figure 2. Four haplotypes are shared exclusively by Icelanders and Gaels-the only haplogroup in which this occurs. However, two haplotypes, both of which belong to a long branch in haplogroup 1 (fig. 3, branch A) , are also shared exclusively by Iceland and Scandinavia. The length of this branch suggests that it may represent a separate haplogroup for which a diagnostic diallelic marker has not yet been identified. This interpretation is supported by the fact that, in spite of their prevalence in haplogroup 1, no Gaelic haplotypes are found on this branch. Also, the five haplotypes on branch A all have DYS385 alleles 
Figure 2
The area of each pie denotes sample size, and the pie slices denote the proportion of chromosomes belonging to each haplogroup. Haplogroups were assigned using the diallelic markers 92R7, M9, SRY-1532, YAP, and TAT. Sources of data are as follows: for pies 1-4, the present study; for pie 5, Hill et al. (2000) ; for pie 6, T. Zerjal, L. Beckman, and C. Tyler-Smith (personal communication); for pies 7-10, Karafet et al. (1999) ; and for pie 11, Previdere et al. (1998). 13*17 or 13*18, which are distinct from the DYS385 alleles (typically, 11*14) in the other haplotypes in figure  3 . Furthermore, the two haplotypes shared by Icelanders and Scandinavians at the end of branch A exhibit an increase in allele size (from 12 to 13 repeats) for the microsatellite DXYS156Y (data not shown). The integrity of branch A was retained in network reconstructions with varying from 0 to 4, whereas other branches were increasingly transformed into reticulations for this range of . Figure 4 shows a tightly linked cluster of haplogroup-2 chromosomes with a preponderance of Scandinavian chromosomes and five haplotypes exhibiting substantial evolutionary divergence from the rest. The divergence of these haplotypes is unlikely to be due to microsatellitetyping errors, because three of the five haplotypes are also observed in Scandinavians and/or Gaels. Moreover, the most divergent haplotype has been confirmed by independent typing of the same loci in that individual's father, and the microsatellite profile of the other Icelandic private haplotype is shared (with a difference of one repeat the DYS389b locus) by a Norwegian (see the Y-STR Haplotype Reference Database). It is most likely that these haplotypes belong to one or more separate haplogroups that are not defined by the diallelic loci used
Figure 3
Median-joining network showing the phylogenetic relationships of Icelandic Y-chromosome haplotypes within haplogroup 1. Haplogroup membership was determined by the seven diallelic markers listed in the Material and Methods section. Haplotypes are defined by character states at eight microsatellite loci: DYS19, DYS388, DYS389I, DYS389b, and DYS390-DYS393. The allele sizes of the two DYS385 loci are shown below each haplotype. Circles denote haplotypes, and their sizes denote the frequencies of the haplotypes in the Icelanders. Lines denote mutational changes in the repeat numbers of microsatellite loci, with both the locus and the change in repeat number indicated. Reticulations denote the presence of recurrent mutations that could not be resolved with the available markers. Circles are shaded with respect to haplotype sharing with Scandinavians and Gaels, on the basis of a comparison of a restricted set of five microsatellites: DYS19 and DYS390-DYS393. Broken lines denote mutations at loci that are not included in the restricted set of microsatellites and therefore do not discriminate between haplotypes of Icelanders and those of Scandinavians and Gaels. Gray-shaded and blackened areas denote the relative frequencies of a haplotype in Gaels and Scandinavians, respectively. Unshaded and unblackened haplotypes are found only in Iceland.
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Figure 4 in this study. Although their divergence is appropriately represented in the network, the evolutionary pathway connecting these particular haplotypes to the rest of haplogroup 2 must be viewed as tentative. Notwithstanding this uncertainty, the pattern of haplotype sharing between populations reveals that, as with haplogroup 1, most of the haplogroup-2 chromosomes are found in both Scandinavians and Gaels, although seven chromosomes are shared exclusively by Icelanders and Scandinavians. Only one haplotype occurs at a higher frequency in Gaels than in Scandinavians. That it is one of the divergent haplotypes lends support to the idea that these haplotypes do not share a recent monophyletic origin with the rest of the haplogroup-2 chromosomes. Haplogroup 3 ( fig. 5 ) presents a similar pattern of haplotype sharing, with a clear Scandinavian prevalence. Here we observe four haplotypes shared with both Scandinavians and Gaels and four haplotypes shared exclusively with Scandinavians (when mutations at DYS388, DYS389I, and DYS389b are excluded). For both haplogroups 2 and 3, DYS385 allele sizes are consistent with the reconstructed phylogenies.
Summary Statistics and Genetic Distances
A summary of the genetic diversity present within populations and haplogroups is shown in table 4. In accordance with expectations based on historical population sizes, the Icelanders have low gene diversity and, judging from values, a relatively small effective population v k size of males ( ). However, when diversity is measured N me in terms of the ASDs between haplotypes within a population, the Scots and Irish are shown to have, by far, the least-diverse collection of haplotypes, followed by the Icelanders. The much smaller within-population ASD for the Gaels is a direct result of the fact that their Y chromosomes predominantly belong to haplogroups 1 and 2. The coexistence, in a population, of chromosomes belonging to haplogroups 2 and 3 (which is more typical in Scandinavians) results in a much larger ASD between haplotypes, because these haplogroups are separated by three diallelic mutations (see fig. 1 ).
If ASDs between haplotypes are examined within haplogroups, it emerges that the Icelanders have a slightly higher ASD for haplogroup-1 chromosomes than do any of the source populations, and they have a higher ASD for haplogroup-2 chromosomes than do the Scandinavians. This is consistent with an admixture scenario in which the Icelanders have received, from both source populations, chromosomes belonging to both haplogroups and in which the source populations are associated with different subclades within haplogroups. This is particularly evident for haplogroup 1, in which the largest mutational differences are between the exclusively Scandinavian "branch-A" haplotypes and the rest of the haplotypes, most of which are either predominantly or exclusively found in the Gaels (see fig. 3 ). The relatively high percentage of private haplotypes belonging to haplogroup 1 in Scandinavia indicates that these chromosomes could have a fairly long history in the Norse population. Thus, they are unlikely to be the result of gene flow from the British Isles-for example, as a result of the import of Gaelic slaves during the Viking period. Similarly, the high percentage of private haplotypes belonging to haplogroup 2 in the Gaels suggests that these are likely to be only partially derived from Viking activities in Ireland and Scotland. In the case of haplogroup 3, the Icelanders exhibit less diversity than do the Scandinavians. Because only five haplogroup-3 chromosomes are observed in the Gaels and because the Icelanders exhibit less haplogroup-3 diversity than do the Scandinavians, it seems reasonable to conclude that Icelandic haplogroup-3 chromosomes all originated from Scandinavia.
The Icelanders have the densest sampling saturation and a low proportion of private haplotypes. This is likely to be a reflection of both the admixed nature of the Icelandic Y-chromosome pool and its relative scarcity of haplotypes (reflected in the low value). The high prov k portion of private haplotypes in the Irish is primarily due to a large number of haplogroup-1 lineages that are not found in any of the other populations. This is likely to be due to a combination of dense sampling saturation from the Irish Y-chromosome pool (see the "Sample Saturation Ratio" column in table 4) and divergence from the Y-chromosome pools of the other populations. The Scots have a much lower proportion of private haplotypes, but they also have a lower relative sampling saturation. Both the Norwegians and the Swedes also have relatively low sampling saturation, and the very small sample size of the Danes precludes any meaningful inferences about this population.
It is possible to estimate coalescence dates for the chromosomes of haplogroups 1, 2, and 3, because they are well represented in the Icelandic, Scandinavian, and Gaelic samples. Taking the modal haplotype within each of these haplogroups as the ancestral haplotype and using the restricted set of microsatellite loci (DYS19 and DYS390-DYS393), we estimated the ASD between the ancestral haplotype and all other haplotypes. These ASD values, per locus, for haplogroups 1, 2, and 3 were 0.612, 0.745 and 0.448, respectively. Given a paternal generation time of 35 years (Tremblay and Vézina 2000) and an average mutation rate of 0.0021 per locus per generation (95% CI 0.0006-0.0049) (Heyer et al. 1997) , these figures correspond to dates of 10,200 (4,371-35,700), 12,497 (5,321-43,458), and 7,467 (3,200-26,133) years before the present (YBP) for haplogroups 1, 2, and 3, respectively.
A summary of the overall relationship between the Table 4 Summary Statistics for Y-Chromosome Haplotypes . GD p gene diversity. d Where differences at diallelic loci are weighted 1,000 times higher than differences at microsatellite loci, which are given a value of 1. Numbers are presented as multiples of 10 4 . NOTE.-Gae p Gaels; Ice p Icelanders; Sca p Scandinavians. a For each haplogroup, the lower diagonal shows ASDs between all pairs of haplotypes belonging to a particular haplogroup in two populations. ASDs of all pairs of haplotypes within populations are shown (underlined) in the diagonal. The upper diagonal contains ASD distances corrected for within-population diversity; the average within-population diversity of the two populations being compared has been subtracted from the uncorrected ASD distances presented in the lower diagonal.
b Weighted by the total number of haplotypes belonging to each haplogroup. The lower diagonal contains weighted average for uncorrected ASD values, whereas the upper diagonal contains the weighted average for corrected ASD values. NOTE.-The lower diagonal shows haplotype divergence (on the basis of the chord distance) between populations, calculated using haplotype frequencies. The upper diagonal shows the proportion of all haplotypes from two populations that are present in both populations.
haplotypes of the Icelanders and those found in Scandinavians and Gaels can be obtained by calculation of genetic distances between these populations. Table 5 shows genetic distances, based on ASD, between these three populations, for the three main haplogroups, and the weighted averages of these distances across haplogroups. The uncorrected ASD values (lower diagonals in table 5) indicate a closer relationship between Icelandic and Scandinavian haplotypes than between Icelandic and Gaelic haplotypes for haplogroups 1 and 2, but not for haplogroup 3. When these values are corrected for within-population diversities (corrected ASD values are in the upper diagonals in table 5), a closer relationship between Icelandic and Scandinavian haplotypes is revealed for haplogroups 1 and 3 but not for haplogroup 2. The summary of these results provided by the weighted averages of ASD values (both corrected and uncorrected) across haplogroups clearly indicates a closer relationship between the Icelandic and Scandinavian Y-chromosome pools than between the Icelanders and Gaels.
Genetic distances between the populations, based on haplotype frequency differences, are shown in the lower diagonal of table 6. Here again we observe a closer relationship between the Icelandic and Scandinavian Ychromosome pools. The upper diagonal of table 6 presents the proportion of all haplotypes from two populations that are shared, demonstrating the greater overlap between the Y-chromosome pools of the Icelanders and Scandinavians.
The population relationships revealed by the ASD values, chord distances, and lineage sharing are supported by genetic distances based on r. Thus, the ASD between Icelandic haplotypes and their closest counterparts in Scandinavians (0.19) is considerably smaller than the same distance between Icelandic haplotypes and those of the Gaels (0.35). As would be expected of a population with ancestral contributions from both Scandinavians and Gaels, r is reduced to 0.163 when the Icelanders are compared with a combined sample of these putative parental populations. This r value can be used to provide an estimate of the time-depth of the mutational divergence of Icelandic haplotypes from the two source Y-chromosome pools (see Forster et al. 1996) . Using a generation time of 35 years (Tremblay and Vé-zina 2000) and an average mutation rate of 0.0021 per locus per generation (95% CI 0.0006-0.0049) (Heyer et al. 1997) , we obtain a divergence date of 2,717 YBP (1, 508) . There is no archaeological or historical evidence to support such an ancient settlement of Iceland. It is likely that this discrepancy results from the fact that many of the Icelandic Y-chromosome haplotypes currently identified as private have yet to be sampled from the Scandinavian and Gaelic source Y-chromosome pools.
Figure 6
The scatterplot presents the relationship between Ϫ and Ϫ , where , , and denote the haplotype frequencies for p p p p p p p
the Icelanders, Gaels, and Scandinavians, respectively. The slope of the least-squares fitted regression line approximates the estimate of m R Scandinavian ancestry in Icelandic Y chromosomes.
Admixture Estimates
Although the summary statistics above clearly identify Scandinavia as the major source of Icelandic Y chromosomes, the evidence clearly suggests a significant Gaelic contribution. Here we estimate the relative proportions of Scandinavian and Gaelic ancestry of Icelandic Y chromosomes, using the three admixture methods ( , , and ) Methods section. It is useful to start by examining a scatterplot of the haplotype frequency differentials that lie at the heart of the standard least-squares admixture estimator. Figure 6 shows the relationship between Ϫ and p p 
Discussion
Our findings show that most Icelandic Y chromosomes are tightly clustered with regard to variation at microsatellite loci within the three main haplogroups. However, a few haplogroup-1 and -2 chromosomes show marked divergence from these tight clusters, such that they cannot be said to form a meaningful phylogenetic unit with the rest. Haplogroups 1 and 2 both lie at central positions in the Y-chromosome phylogeny (see fig.  1 ) and are thus more likely to include a fusion of deeply divergent haplotype clusters, which are not differentiated by the diallelic loci available for this study. This is less of a problem for haplogroup 3 (a relatively young subcluster of haplogroup 1 defined by a mutation at SRY-1532), whose haplotypes form a more obvious monophyletic group. The ability to detect subclusters of haplogroups 1 and 2 was due to the combination of diallelic loci and a relatively large number of microsatellites. We demonstrate, for example, that the DYS385 microsatellite can be usefully recruited for phylogeographic studies of the Y chromosome. The results of this study indicate that most of the Gaelic males in the Icelandic founding population are likely to have carried haplogroup-1 Y chromosomes, but a slight contribution of haplogroup-2 chromosomes from the British Isles cannot be ruled out. Hill et al. (2000) have proposed that haplogroup-1 chromosomes were indigenous to the early population of Ireland but that Irish chromosomes belonging to other haplogroups could be associated either with prehistoric or more-recent historical immigration to the island. On the basis of the relative frequencies, in Scandinavians and Gaels, of some haplogroup-2 chromosomes shared with Icelanders, it seems likely that some of them may predate the Viking period. The same applies to some of the haplogroup-1 chromosomes currently found in Scandinavia (branch A in fig. 3 ), which may turn out to constitute a separate haplogroup.
The relative ASD diversity of Icelandic haplotypes currently assigned to haplogroups 1 and 2 suggests a dual origin from both Scandinavia and the British Isles. In contrast, the relatively low diversity of haplogroup-3 chromosomes in the Icelanders and their scarcity in the Gaelic populations point toward a single source in Scandinavia. This lower diversity is a reflection of the extent to which the Icelandic Y-chromosome pool has been shaped by the initial genetic sampling event of the settlement and the subsequent effects of genetic drift. This aspect of Icelandic population history is also revealed in a relatively low value, reflecting a small v k effective population size of males.
The Y chromosome is just one locus and, thus, it can provide only a partial view of the overall ancestry of the Icelandic gene pool. However, the information gained from this locus is unique in that it traces the patrilineal ancestors of contemporary Icelandic males. We used three different admixture estimators in an attempt to reveal the provenance of these ancestors. The estimator (based on the frequencies and mean com Y alescent times of haplotypes within and between populations) indicates a relatively high estimate (40.7%) of Gaelic ancestry. However, this result seems to be strongly influenced by phylogenetic relationships of the ancient diallelic mutations and their frequencies in the Scandinavian and Gaelic source populations. Because these source Y-chromosome pools have been shaped more by gene flow and/or genetic drift than by the mutational divergence of diallelic haplotypes, the coalescence times of the diallelic haplotypes are less informative for admixture estimates than their frequencies. However, results based on (a least-squares estimator m R based solely on observed founder haplotype frequencies) and (a new goodness-of-fit estimator based on m r the frequencies of observed and inferred founder haplotypes) are broadly consistent, respectively indicating 25.6% and 19.5% Gaelic ancestry of Icelandic Y chromosomes. Inferences about the remaining half of the founders-the females-can be made using the matrilineal inheritance pattern of mtDNA. The results of a recent analysis of mtDNA variation in Iceland suggest that the majority of Icelandic founding females may have originated from the British Isles (Helgason et al. 2000) . Therefore, on the basis of evidence from these two uniparental markers, it is possible to conclude that the Icelandic founding population was comprised of a majority of males carrying Scandinavian Y chromosomes and females carrying Gaelic mtDNA lineages. In addition to purely Scandinavian males and Gaelic females, many of these Icelandic founders are likely to have been the offspring of admixed family groups formed by Scandinavian males and Gaelic females in the British Isles prior to the settlement of Iceland.
As with any admixture analysis, the degree of confidence that we can place in our estimates of Norse and Gaelic ancestry of Icelandic Y chromosomes is dependent on the assumption that the gene pools of the populations in Iceland, Scandinavia, and the British Isles have not been drastically altered by genetic drift during the past 1,100 years. There are at least two reasons to believe that haplotype frequencies in the Scandinavian and Gaelic source Y-chromosome pools have remained relatively stable. First, as is apparent from figure 2, haplogroup frequencies within the British Isles (in Ireland, Scotland, and England) are almost identical, and the same is true for haplogroup frequencies within Scandinavia (Norway and Sweden). Second, Y-chromosome haplotype and allele frequencies from both groups contribute to Europeanwide clinal patterns, generated by population processes much older than the settlement of Iceland (Zerjal et al. 1997; Casalotti et al. 1999; Lucotte and Loirat 1999; Zerjal et al. 1999; Hill et al. 2000) . Neither observation is consistent with substantial random fluctuation of haplotype frequencies within these populations resulting from drift during the past 1,100 years.
Greater random fluctuations in haplotype frequencies would be expected in the Icelanders, given their smaller population size, geographic isolation, and history of population crashes. Indeed, this is indicated by the residuals from the fitted regression line of the points Ϫ and Ϫ in figure 6, More knowledge about the history and geographic spread of Y chromosomes in Europe will resolve uncertainties resulting from the use of modern populations as indicators of ancestral gene pools. In a recent study, for example, Zerjal et al. (1999) proposed an Asian origin for haplogroup-3 chromosomes and demonstrated a cline of decreasing frequency from Asia into Europe, with high frequencies in northeast Europe and very low frequencies in the British Isles and southwest Europe. Using additional phylogenetic information, Zerjal et al. (1999) suggested that this distribution is the result of a population spread from Asia into Europe that did not reach these latter regions. This clearly supports the idea that Icelandic haplogroup-3 chromosomes arrived with males of Scandinavian origin and that Gaelic chromosomes belonging to this haplogroup may be a result of Viking activities in the British Isles.
The various analyses presented in this paper, whether of genetic distances, lineage sharing, or admixture estimates, are consistent in their indication of a close relationship between the contemporary Icelandic and Scandinavian Y-chromosome pools. Given that the patrilineal founding ancestors of contemporary Icelandic males are equivalent, in terms of their ancestry, to the many founding males who did not leave patrilineal descendants in the contemporary population and given that, at present, there is no reason to suppose otherwise, then it seems reasonable to conclude that the large majority of founding males carried Scandinavian Y chromosomes.
